levels to determine the endurance limit. Monismith and McLean (1) determined that the log-log relationship between strain and loading cycle indicated a fatigue failure load of 5 million cycles at approximately 70 µstrains. Similar conclusions were drawn by Maupin and Freeman (2). A limited amount of data was available from these studies, because lengthy fatigue tests were required to cause failure in the specimens.
levels to determine the endurance limit. Monismith and McLean (1) determined that the log-log relationship between strain and loading cycle indicated a fatigue failure load of 5 million cycles at approximately 70 µstrains. Similar conclusions were drawn by Maupin and Freeman (2) . A limited amount of data was available from these studies, because lengthy fatigue tests were required to cause failure in the specimens.
Several recent studies have focused on methods to reduce the number of tests required to find the endurance limit of HMA. In the recent NCHRP Project 9-38, beam fatigue tests were performed at the National Center for Asphalt Technology (NCAT) to determine the endurance limit of various mixes (3) . To reduce the required testing time, the specimens were tested at 10 million cycles, and then the data were extrapolated to determine the endurance limit. A few tests were conducted up to 50 million cycles to confirm the existence of the endurance limit. It was observed that both the logarithmic and Weibull functions could be used to extrapolate the test data at lower cycles to predict endurance limit.
The concept of extrapolation from a limited number of cycles has also been used by researchers at the University of Illinois (4, 5) . These studies focused on a different approach by expressing the fatigue life as a function of the plateau value of the ratio of dissipated energy. Dissipated energy is the amount of energy dissipated by the material in each cycle and can be measured by calculating the area within the stress-strain loop. Carpenter and Guzlan (4) showed that the extrapolated plateau value from the higher strain level to the lower strain level indicated the existence of an endurance limit below 70 µstrains. Further study by Shen and Carpenter (5) showed that the plateau value from 500,000 repetitions can be used to predict endurance limit, instead of loading, which takes a much longer duration.
Even though phenomenological and dissipated energy approaches are simple to implement, it is evident from the foregoing discussion that a series of tests at different strain levels is required to arrive at a relationship between fatigue life and load repetitions. The time required to conduct such tests can be significant; therefore, the tests can be difficult to implement as a routine test procedure in the laboratory. In this study, an alternative testing approach based on the elastic-viscoelastic correspondence principle was adopted. Under cyclic loading, asphalt concrete displays hysteretic stress-strain loop formation. This loop formation is caused by the combined effect of the damage growth and the viscoelastic effects (6) . Therefore, the viscoelastic effect must be separated from the damage development, so that the damage development can be studied separately. Schapery (7) proposed the concept of pseudostrain with the elastic-viscoelastic correspondence principle. Kim et al. (8) applied the concept of pseudo-
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The fatigue endurance limit is one of the properties of hot-mix asphalt (HMA) that govern fatigue behavior of flexible pavements. Some approaches for determining the endurance limit of HMA are empirical in nature, such as the phenomenological approach. This often requires a series of tests at different strain levels and subsequent determination of the relationship between strain and number of repetitions for failure. The mechanics-based dissipated energy approach is more fundamental. However, it fails to take viscoelastic effects into account. Both approaches require considerable amounts of time and resources. This paper presents an alternative approach for determining the fatigue endurance limit of asphalt concrete by means of the elastic-viscoelastic correspondence principle, by separating the effect of viscoelasticity from that of damage development. Three different asphalt concrete mixes, replicates of the National Center for Asphalt Technology (NCAT) test track mixes, were tested for validation of the proposed methodology. Initially the cut and cored samples were tested for dynamic modulus to construct the master curves. With the data, viscoelastic properties were determined by interconversion techniques. In the next stage, fatigue tests were conducted under different strain amplitudes, starting from low to high. Then the strain data were converted to pseudostrain via the elastic-viscoelastic correspondence principle. The endurance limit was determined by identifying the strain level at which a loop between stress and pseudostrain began to develop. Endurance limit values thus determined are comparable to those obtained by flexural tests performed at NCAT. The proposed methodology can contribute to considerable savings in time and resource requirements.
The fatigue endurance limit of a material is defined as a level of strain at or below which no fatigue damage is expected to accumulate in the material. In the case of hot-mix asphalt (HMA), several studies have been performed on the endurance limit (1) (2) (3) (4) . Phenomenological relationships have been proposed by several researchers, in which the number of load repetitions to failure is expressed as a function of various parameters. One such controlling parameter is the tensile strain under the pavement. Repeated beam fatigue tests under AASHTO TP8-94 are conducted at different strain strain to separate the effect of viscoelasticity from damage development. This approach, combined with the rate type damage evolution law, was used in subsequent studies to develop a constitutive equation of HMA under cyclic loading (9, 10) . This approach has been successfully used to predict damage growth in asphalt concrete under different loading conditions, such as monotonic and cyclic loading at different frequencies and strain levels (11) (12) (13) . In these studies, it has been shown that the damage is negligible if the pseudostrain and stress cycle overlapped each other, whereas the formation of a loop between the two variables is an indication of damage development. This means that if fatigue tests are conducted at various strain levels starting from low to high, then the strain level at which a loop starts to form should be the particular strain level below which no damage is expected to occur-the endurance level of the material. This concept has been used in this study to determine the endurance limit of HMA mixtures.
The study reported in this paper was performed at the University of New Hampshire (UNH) under NCHRP Project 9-38 (14) . Uniaxial beam fatigue tests were performed at various strain levels, and the results were analyzed to determine the level of strain required for the formation of a loop between the pseudostrain and stress cycle. The results indicate that the application of the elastic-viscoelastic correspondence principle proposed by Schapery (7) is an alternative method for determining fatigue endurance limit, eliminating the necessity to perform long fatigue tests. The following sections present the proposed methodology and the results.
OBJECTIVE AND SCOPE
The objective of this study was to determine if the elastic-viscoelastic correspondence principle can be applied to determine the fatigue endurance limit of HMA. The scope of the study included the following:
1. Conducting tests to determine linear viscoelastic material properties, such as dynamic modulus and phase angle, and obtaining the respective master curves; 2. Determining relaxation modulus master curves via the approximate numerical method from the dynamic modulus and phase angle master curves; and 3. Conducting increasing amplitude fatigue tests until failure and determining the endurance limit by applying the concept of pseudostrain with the elastic-viscoelastic correspondence principle.
PROPOSED METHODOLOGY
A cross-plot of stress versus strain shows hysteresis loops even at loads that do not induce damage. This is a result of the viscoelastic nature of asphalt concrete. Thus, time dependency of response has to be separated from the damage growth (if any). In the present work, time dependency of asphalt concrete is removed through use of the pseudostrain concept introduced by Schapery (7 ) . With the use of pseudostrain instead of physical strain, a viscoelastic problem can be converted to an equivalent elastic problem. Pseudostrain is defined as follows:
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At strain levels for which the damage is negligible, the pseudostrain is equal to the stress, the stress-pseudostrain relationship is linear, and the slope of the stress versus pseudostrain equals E R . Figure 1 shows the hysteresis loop produced by stress and strain data obtained from a dynamic modulus test. The load levels applied during a dynamic modulus test were low enough not to induce damage, so the hysteresis loop is purely caused by the viscoelastic response of the material. The hysteresis loop collapses when the pseudostrain is plotted against the stress, as seen in Figure 2 . As the strain level is increased, damage occurs in the specimen. This will cause the pseudostrain calculated from Equation 1 to be different from the stress observed in the test. The resulting plot of stress versus pseudostrain is no longer collapsing but instead forms a loop. Therefore, the damage development in the material is characterized by a hysteresis loop between stress and pseudostrain. This is shown in Figure 3 for three strain levels. The first two strain levels do not induce damage in the specimen, while the highest level does.
This research used the development of hysteresis loops in the stress-pseudostrain plot as an indication of damage development. The endurance limit is obtained as the lowest strain level at which the loops start to form. A series of haversine load pulses are applied to the test specimens in uniaxial mode. Each block consists of 10,000 repetitions of constant crosshead strain, with amplitude greater than that of the preceding block. This number of cycles was chosen to ensure a steady-state response has been reached. Initially, a relatively low strain amplitude, thought to be below the fatigue endurance limit, is applied. Typically, this is close to the same amplitude at which dynamic modulus tests are performed. Subsequent loading blocks have loading amplitudes greater than the previous block. This procedure is continued until the specimen fails.
MATERIALS AND TEST METHODS
The mixtures used in this study were 19-mm nominal maximum aggregate size granite mixtures with a neat PG 67-22 and a styrenebutadiene-styrene-modified PG 76-22 binder. Both mixtures were tested at optimum (4.5%) and optimum-plus asphalt content (5.2%). The results reported in this paper are based on three mixes: PG 67-22 optimum and optimum-plus, and PG 76-22 optimum-plus. Additional information on the mixtures used in this research can be found in Prowell et al. (14) .
All test specimens were fabricated at NCAT by means of a superpave gyratory compactor and shipped to UNH, where they were cut and cored to specimens 75 mm in diameter and 150 mm tall. The target air voids were 7 ± 0.5% and 3.3 ± 0.5% for the specimens with optimum (opt) and optimum-plus (opt+) asphalt content, respectively. Steel plates were glued to the ends of the uniaxial specimens with plastic epoxy glue in a gluing jig that was designed to align the spec-imen vertically. Four linear variable differential transformers (LVDT), spaced 90°apart around the circumference of the specimen, were attached to the surface of the specimen with a 100-mm gauge length. Figure 4 shows the uniaxial testing set-up that was used for dynamic modulus and fatigue testing. A closed-loop servohydraulic machine was used to apply the loads, and an environmental chamber was used to control temperature. Loading was computer-controlled, and data acquisition was done with LabView software.
Testing of HMA samples was conducted in two stages. In the first stage the viscoelastic material properties were determined. In the next stage the samples were tested for fatigue with increasing strain levels. The following sections explain these two steps in detail.
LINEAR VISCOELASTIC TESTS Dynamic Modulus and Phase Angle Master Curves
Uniaxial complex modulus tests were performed on at least three specimens from each mixture. The testing was done at five temperatures (−10°C, 0°C, 10°C, 20°C, and 30°C) and at eight frequencies (0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 Hz). The dynamic modulus and phase angle values at each frequency and temperature were calculated from stresses and LVDT-measured strains. The dynamic modulus master curve for each mix was constructed at 20°C reference tem- 
FIGURE 4 Uniaxial test set-up with LVDTs showing a damaged specimen.
perature by shifting the individual specimen master curves. Figure 5 shows the dynamic modulus master curves obtained for the three mixes. The shift factors determined from the dynamic modulus master curves were then used to construct the phase angle master curve for each mix.
Relaxation Modulus Master Curves
Calculation of pseudostrains requires the relaxation modulus, E(t), of the mixture. The relaxation modulus is difficult to measure directly in the laboratory and is therefore determined from the dynamic modulus master curve by means of the linear viscoelastic theory. The relaxation modulus is expressed as the Prony series:
where E ∞ = value of E(t) as t→ ∞, E k = Prony series coefficient, and ρ k = relaxation time.
To obtain the Prony series expression of relaxation modulus from the dynamic modulus, the first step is to determine the storage modulus master curve by means of where ΗE′(ω j )Η = storage modulus, φ = phase angle, and ω j = reduced frequency in radians per second.
The storage modulus at a particular frequency (ω j ) can also be expressed in the following form with the generalized Maxwell elements in parallel:
Once the relaxation modulus is obtained from the storage modulus, the Prony series coefficients in Equation 2 are obtained through the steps presented below.
First, Equation 4 is rewritten in matrix form as
where the relaxation times ρ k are chosen at decade intervals along the time axis and N is the number of data points used. Then, the MATLAB optimization toolbox is used to obtain the solution for E k with the following constraint:
where E 0 is the relaxation modulus time at t = 0. The Prony series representations of the relaxation modulus for the two mixtures are shown in Figure 6 .
INCREASING AMPLITUDE FATIGUE TESTS
This test consists of applying blocks of haversine loading to a uniaxial test specimen. Initially, a relatively low strain amplitude that is thought to be below the fatigue endurance limit is applied. Typically, this is close to the same amplitude at which dynamic modulus tests are performed. Approximately 10,000 cycles are applied at this amplitude to allow the specimen to reach a steady-state response. The applied strain amplitude is then increased, and 10,000 more cycles are applied. The time lag between the loading blocks was about 5 to 10 s-the time required to change from one level of loading to the next level. This procedure is continued until the specimen fails. Figures 7 and 8 show a typical load and strain history, respectively, recorded during an increasing amplitude fatigue test. For this project, the crosshead displacement was controlled, while the on-specimen LVDT measurements were used for strain analysis. Pseudostrain is evaluated numerically over the strain range up to the time of failure. The strain history is discretized into N number of small segments with time increment Δt, and Equation 2 is substituted in Equation 1 , resulting in the following form of numerical integration scheme:
where c i is the slope of the strain signal between two given time instances, t i and t i+1 , and u is the dummy variable for integration that represents time. At a low strain level, when the damage is negligible, 
Transportation Research Record 2126 the pseudostrain is equal to the stress, resulting in a linear stress-strain relationship in which the slope of the stress versus pseudostrain is equal to the reference modulus. However, when damage starts to develop, the calculated pseudostrain values do not match with the applied stress values, and the difference is attributed to the damage development. Although controlled crosshead strains were applied, the response measured in the tests was obtained from on-specimen LVDTs that measured the actual material response. The actual material response showed the accumulation of permanent strain. The effect of permanent strain was considered in the analysis through the calculation of pseudostrains. The pseudostrain calculated was based on the total strain, including the permanent strain.
The strain values obtained from the tests are converted to the pseudostrain values with Equation 7 at various cycles. The analysis results from the increasing amplitude fatigue tests are discussed in the following section.
RESULTS AND ANALYSIS
The analysis of the increasing strain amplitude fatigue tests involves calculating the pseudostrain and then plotting stress versus pseudostrain at different strain amplitudes to determine the strain level at which a loop begins to form. The presence of a loop in the stress-pseudostrain plot indicates that damage is occurring in the specimen. Figure 9 shows the stress versus pseudostrain plots for a PG 67-22 optimum-plus specimen. For this mix, there is no loop at the lowest strain amplitude, a loop appears to just be forming at the middle strain amplitude, and a loop is definitely apparent at the highest strain amplitude. This figure indicates that the fatigue endurance limit for this specimen is between 150 and 262 µstrains. Results for a PG 76-22 optimum-plus specimen are shown in Figure 3 ; the fatigue endurance limit for this specimen is somewhere between 222 and 470 µstrains. Table 1 summarizes the results of the increasing amplitude fatigue tests for all specimens tested. The third column from the left shows the bounds of the strain level at which loop formation was observed. For several specimens, the first level tested resulted in loop formation, so only an upper bound is reported. From this information, it is evident that there are two groups of specimens for the PG 67-22 optimum-plus and PG 76-22 optimum-plus mixtures. The PG 67-22 optimum-plus Specimens 1 and 2 and the PG 76-22 optimum-plus Specimens 1 and 3 have lower air void contents (outside the target values) and a correspondingly higher strain range at which loop formation occurs than the other specimens have.
With engineering judgment, the estimated endurance limit values for the different mixtures are derived and shown in the table. The estimated endurance limit increases with an increase in asphalt content for the PG 67-22 mixtures. However, there is not much difference between the estimated endurance limits for the different asphalt grades. Table 1 also shows the predicted endurance limit for the mixtures tested in beam fatigue mode as part of the NCHRP study (14) . The flexural test results are within the range of values obtained from uniaxial tests for optimum-plus mixes. The reasons for the difference in results between the two studies could be the following:
• Beam fatigue tests and uniaxial tests are different in nature, and therefore, the direct comparison between the results may not be possible;
• Beam fatigue test results were extrapolated to determine the endurance limit, whereas no extrapolation was necessary for the uniaxial tests; and
• The number of uniaxial tests performed was limited relative to the number of flexural tests performed for each mixture.
Overall, the results of this study show that the increasing amplitude fatigue test is a promising alternative to traditional beam fatigue testing, although some continued research is required to refine the method.
FUTURE WORK
Future work should include extensive testing on other mixtures to improve the test method. One of the main challenges in this test is controlling the strain amplitude measured on the specimen. It is difficult to do this by controlling the crosshead during the test because of machine compliance. The amount of compliance changes with different loading levels and is difficult to predict. There are several ways to mitigate this problem. The ideal solution is to control the test with the on-specimen LVDTs as feedback; however, great care must be taken in running tests on closed-loop systems in this way. Another alternative is to run load-controlled tests and determine the appropriate load levels by means of the measured dynamic modulus and target strain amplitude.
Some of the data analysis methods need to be refined to reduce the amount of subjectivity involved in determining whether a stresspseudostrain loop has formed. The issue of flexural mode of testing versus uniaxial mode of testing also needs to be resolved.
The analysis currently groups nonlinear response with damage. The separation of nonlinear response and damage will be a future refinement to the analysis. Future testing will also include some testing conducted in stress control.
SUMMARY AND CONCLUSIONS
This paper presents the development of a method to determine the fatigue endurance limit of asphalt concrete without the need for long-term fatigue tests. The approach employs the elastic-viscoelastic correspondence principle and identifies the strain level at which hysteresis loops form in a stress-pseudostrain plot, indicating that damage is occurring. The approach requires the linear viscoelastic characterization of the mixture through dynamic modulus testing. This is followed by an increasing amplitude fatigue test to determine the strain level above which damage occurs in the mix.
On the basis of the results, this approach is very promising as an alternative method of determining the fatigue endurance limit of HMA. The endurance limit values obtained through uniaxial testing were the same order of magnitude and showed some of the same trends with respect to asphalt content as those obtained from beam fatigue tests. This testing can also be conducted with the asphalt mixture performance test equipment, with some modifications to allow for tensile testing.
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